The structural properties resulting from the reciprocal influence between water and three well-known homologous disaccharides, namely trehalose, maltose and sucrose, in aqueous solutions have been investigated in the 4 -66 wt % concentration range by means of molecular dynamics computer simulations. Hydration numbers clearly show that trehalose binds to a larger number of water molecules than do maltose or sucrose, thus affecting the water structure to a deeper extent. Two-dimensional radial distribution functions of trehalose solutions definitely reveal that water is preferentially localized at the hydration sites found in the trehalose dihydrate crystal, this tendency being enhanced when increasing trehalose concentration. In a rather wide concentration range (4-49 wt %), the fluctuations of the radius of gyration and of the glycosidic dihedral angles of trehalose indicate a higher flexibility with respect to maltose and sucrose. At sugar concentrations between 33 wt % and 66 wt %, the mean sugar cluster size and the number of sugar-sugar hydrogen bonds (HBs) formed within sugar clusters reveal that trehalose is able to form larger clusters than sucrose but smaller than maltose. These features suggest that trehalose-water mixtures would be more homogeneous than the two others, thus reducing both desiccation stresses and ice formation.
Introduction
Disaccharides have received a huge interest in the last decades for their preservation capabilities of biosystems such as cells, vaccines or therapeutic proteins employed in the food, pharmaceutical or cosmetics industry [1] [2] [3] [4] 
. Indeed, disaccharides such as trehalose [α-D-glucopyranosyl-α-D-glucopyranoside], maltose [4-O-(α-D-glucopyranosyl)-β-D-glucopyranoside] or sucrose [β-D-
fructofuranosyl-α-D-glucopyranoside] can be added to biologically active solutions to overcome the limited stability range of proteins (in pH, in temperature, in salt concentration, etc.). These additives prevent the partial or even total degradation of biomolecules due to the lethal thermal or dehydration stresses encountered during industrial conservation methods (lyophilization), where trehalose has been found the most effective [5] . Trehalose is also found in high concentration in organisms which enter into a state, called anhydrobiosis, where almost any biological activity is suspended, and thus are able to survive conditions of extremely low water content, high or low temperatures.
However, the molecular mechanisms at the origin of the superior capabilities of trehalose and, more generally, of the biopreservation phenomenon itself still remain unclear, despite various experimental and theoretical works. Several hypotheses have been proposed but none of them can be considered as fully accepted since they have sometimes led to contradictory conclusions.
Green and Angell [6] suggested that dehydrated sugar solutions convert to a glassy state [7] which has been pictured as acting like amber, encaging molecules and membranes in the same way that amber traps insects. The higher glass transition temperature T g of trehalose (T g ≈ 393 K [8, 9] ) could explain its greater preservation efficiency compared to maltose (T g ≈ 373 K [8, of three homologuous monosaccharides (namely β-D-glucose, β-D-mannose and D-fructose) and pointed out significant effects of the sugar stereochemistry on the diffusion coefficient of water and on the structure and relaxation of the HBN in these solutions. Moreover, Ekdawi-Sever et al. [35, 37] and Conrad et al. [34] have investigated sucrose and trehalose aqueous solutions from 6 wt % up to 80 wt % and even above. They found a larger hydration number for trehalose [35] for each concentration investigated, as well as a diffusion coefficient of sucrose consistently larger than that of trehalose at high concentration (72 wt % or above) [37] . Finally, Molinero et al. [38] studied concentrated water-sucrose systems (50-100 wt %). They showed percolation of the sucrose HBN in the range of 60 -67 wt % at 333 K and suggested that the formation of sucrose network may increase both the mixture resistance to shear deformation and mechanical stability observed experimentally.
Simulations of ternary systems have also provided relevant results. Sum et al. [39] and Pereira et al. [40] published results on simulations of lipid membrane in presence of sugars, and found evidence for direct HBs with specific parts of the lipid molecules, consistently with previous experiments. Moreover, Lins et al. [41] proposed a model of trehalose-lysozyme interaction on the nanosecond scale and at moderate concentration (18 wt %) in agreement with the suggestion of Belton and Gil [21] , which was also inferred by Cottone et al. [42] from simulations of carboxymyoglobin in trehalose (50 wt % -89 wt %).
In order to get a deeper understanding of disaccharide-water solutions structural properties in the framework of the biopreservation problem, we have carried out a careful comparative study of trehalose, maltose and sucrose in aqueous solutions by molecular dynamics (MD) simulations. The H-bonding capabilities of these three sugars are directly comparable since they possess the same chemical formula C 12 H 22 O 11 and the same number of OH groups. Waterwater, water-sugar and both intra and inter sugar-sugar properties and their relationships have been probed in order to measure the homogeneity of the different mixtures. Different relevant structural parameters have been used: partial static structure factors, two-dimensional (2D) radial distribution functions, probability of HB formation, water clusters size, hydration number, molecular flexibility and sugar clusters size. The main goal of this work was to analyze the physical properties changes of the water/sugar solutions upon increasing the sugar concentration, to identify pertinent parameters aiming to explain the superior bioprotective effectiveness of trehalose and to discuss these results in the framework of the different suggested hypotheses. A schematic model of the structure of sugar-water mixtures showing the destructuring effects of the different sugars on the water HBN is proposed.
Details of the simulation
MD simulations have been performed using the molecular dynamics package DL POLY 2 [43] . α, α-trehalose, β-maltose and sucrose disaccharides (see Fig. 1 ) have been investigated and are referred to in the remaining part of the paper as trehalose (T), maltose (M) and sucrose (S), respectively. Disaccharide molecules have been considered flexible and have been modeled using the well-known all-atom force field designed for carbohydrates developed by Ha et al. [44] which has been extensively employed [28, 29, 45] . The SPC/E model [46] has been used to represent water molecules whose geometry has been constrained using the SHAKE algorithm [47] . This model is known to give a too stiffly structured water but it realistically describes the diffusion coefficient of water at ambient temperature. In order to check the dependence of our results on the water model, some additional simulations have been performed using the TIP3P water model [48] . A cutoff radius of 10Å has been used to account for non-bonded interactions. Electrostatic interactions have been handled by the reaction-field method using the permittivity constant ǫ = 72. Since a concentrated disaccharide solution has a relatively low dielectric constant, we checked the validity of the reaction-field method by performing one MD simulation of the 66 wt % sucrose solution at T = 373 K using an Ewald summation. No significant structural or dynamical difference has been found between both techniques. The compressibility of the simulated solutions was that of water (it is a parameter of the DL POLY 2 program). A Lennard-Jones potential has been employed to represent van der Waals interactions and Lorentz-Berthelot mixing-rules have been used for cross-interaction terms. MD simulations have been realized in the NPT statistical ensemble where the number of molecules N , pressure P and temperature T are fixed. The pressure has been set to 1.0 bar using weak coupling to a pressure bath (Berendsen barostat [49] ) with a relaxation time of 1.0 ps. The investigated temperatures range from 273 K up to 373 K in steps of 20 K. They have been maintained constant during a given simulation using weak coupling to a heat bath (Berendsen thermostat [49] ) with a relaxation time of 0.1 ps. Newton's equation of motions have been integrated using the Verlet leapfrog algorithm [50] . The simulation lengths range from 200 ps to 2 ns depending on concentrations and temperatures with a time step of 0.5 fs for the binary aqueous solutions and 2 fs for pure water. The 0.5-fs timestep is justified by the flexible O-H bonds of the carbohydrates hydroxyl groups. The disaccharide initial conformations have been deduced from neutron and Xray studies (trehalose [25] , maltose [51] and sucrose [52] ). Starting positions of the sugar and the water molecules have been arbitrary chosen on a cubic lattice. In order to remove local contacts that result from this construction, short simulations with a thermostated temperature of 0 K and a small timestep have been performed. Simulated systems are composed of N W = 512 water molecules and N S = 0, 1, 5, 13, 26 or 52 sugars molecules (either trehalose, maltose or sucrose) corresponding to weight concentrations of 0, 4, 16, 33, 49 or 66 %, respectively. These systems have been considered to be large enough to give size-independent results. Moreover, they cover a relatively broad concentration range. Depending on the temperature and concentration, each system has been equilibrated from 50 ps up to 500 ps, and configurations have then been saved with time intervals that ranged between 0.05 ps to 0.5 ps. Table 1 summarizes simulation data for T = 293 K. As a means to get some insights on the structure of disaccharide-water solutions, we have computed the static structure factor S(Q), which can be classically obtained from coherent neutron scattering experiments [53] from S(Q) =< |ρ Q | 2 >, where ρ Q is the time-dependent density correlator defined as: Figure 1 : Schematic representation of the studied disaccharides : trehalose (T), maltose (M), and sucrose (S). Only hydrogen atoms belonging to hydroxyl groups have been represented for clarity reasons. Moreover, the glucose and fructose rings of sucrose are identified by the g and f subscripts, respectively.
system, b α and r α are the coherent scattering length and the position of the α atom, respectively. An average over isotropically distributed Q-vectors which have the same modulus Q is performed in order to get S(Q). Partial static structure factors S HH (Q) and S XX (Q) are obtained by only including or only excluding in the summation both the hydrogen atoms of sugar and water molecules. Figure 2 shows a comparison between the partial static structure factors S HH (Q) and S XX (Q) of the 49 wt% trehalose-water solutions and of pure water obtained experimentally from neutron diffraction [54, 55] and those from the present MD study. The S HH (Q) and S XX (Q) of the 49 wt% sucrose and maltose aqueous solutions are also given for comparison, although no experimental data is available. The agreement found between both techniques is good and found better for the S XX (Q) than for the S HH (Q), particularly at Q 3Å −1 . This arises from the difficulty to reproduce precisely relative positions of hydrogen atoms, which strongly depend on the orientation of water molecules and of sugar hydroxyl groups. The peak observed at Q ≈ 2Å −1 for pure water seems to decrease with the addition of sugars. This could be representative of a lowered tetrahedral order of water molecules. Nevertheless, no striking and meaningful difference is observed between the partial S HH (Q) of the three sugar-water solutions. Similarly, the modification of the peak observed at Q ≈ 2.2Å −1 in the S XX (Q) of pure water, representative of H-bonded water molecules, may suggest a decrease of the tetrahedrality of water upon increasing the sugar concentration. However, the rather large contributions from sugar molecules in the S HH (Q) and S XX (Q) of mixed solutions (about one third and half of the number of considered atoms for the calculations, respectively) makes this kind of analysis quiet hazardous. Therefore, the shift observed in the S XX (Q) of the peak at about Q ≈ 2Å −1 for pure water may be attributed to differences in the conformation and topology of sugars. Interestingly, significant discrepancies are observed between the three studied solutions at Q 1Å −1 , which represents distances of intermolecular interactions between sugars, and where the water contribution is quiet low. This motivates a more detailed analysis, which could be performed by separating contributions from both sugar and from water molecules, and therefore probe their complex structures. However, a careful analysis of the HBN of these solutions will be presented in a different manner in the following. 
Crystallinity of trehalose/water solutions
As indicated in the introduction, some authors suggested that the rich crystalline polymorphism of trehalose could be involved in the origin of its superior bioprotective capability [24] . From neutron scattering experiments, Magazù et al. recently showed that trehalose possesses a more crystalline character than sucrose and maltose which could provide a more rigid environment for protecting biological structures [57] . Furthermore, Engelsen et al. [58] demonstrated that the trehalose hydration pattern in dilute solution (≈ 4 wt%) resembles that of the trehalose dihydrate crystal [25] . Inspired by this latter work, we compared the hydration sites of high concentrated water-trehalose solutions with those of the trehalose dihydrate crystalline phase. 2D radial g(r 1 , r 2 ) distributions functions have been computed and are defined as:
The exhaustive description of g(r 1 , r 2 ) functions is described in ref. [58] , so we give here only the essential details. g(r 1 , r 2 ) gives the probability of finding a water oxygen atom at a distance r 1 and r 2 from two selected solute oxygen atoms, O 2 and O ′ 2 (see Fig. 1 ), relative to the probability expected for a random distribution. N (r 1 , r 2 ) denotes the number of water oxygens at distances r 1 and r 2 from the two selected solute atoms, averaged over all the solute molecules and the configurations of the simulation. ρ W = N W /V stands for the mean water density of the simulated system and V intersect (r 1 , r 2 , ∆r) designates the intersection volume between the two shells of inner radii r 1 and r 2 , and thickness ∆r. Figure 3 (a) shows the normalized g(r 1 , r 2 ) pair distribution of the 49 wt % trehalose-water solution at 293 K. It is clearly seen that water molecules are localized in particular regions of the 2D distribution, the maximum of which corresponds to the hydration sites found in the dihydrate crystal. Four sites are particularly observed: O W 1, O W 2, O W 1(II) and O W 1(I + c) following the same nomenclature as in ref. [58] ) where I and II denotes the trehalose dihydrate P2 1 2 1 2 1 symmetry operations (x, y, z) and (−x + 1 2 , −y, z), respectively. A good agreement has been found with the g(r 1 , r 2 ) of ref. [58] for the 4 wt % solutions, with both the TIP3P and SPC/E water models (data not shown). The symmetry observed in the hydration pattern of trehalose is consistent with the approximate twofold symmetry found in the trehalose dihydrate crystal [25] . This means that the most probable trehalose conformation in solution is rather close to the conformation in the dihydrate crystal, as shown in ref. [29, 58] . The concentration dependence of the water density at 293 K is depicted in Fig. 3 (b) which shows the g(r 1 , r 2 ) at r 2 = 2.78 ± 0.5Å i.e. in the region where the O W 1 water molecule of the dihydrate structure should be found.
A significant increase of the localization of water molecules at the O W 1 and O W 2 (not shown) hydration sites of the trehalose dihydrate crystal is observed. This result reveals that the position of the water molecules is more and more sterically restricted as the concentration of sugar increases. It clearly supports the results obtained by Magazù et al. on the crystallinity of trehalose/water solutions [57] . It should be noted that similar results were obtained for maltose/water solution for which water molecules are found to be preferentially localized on the water site of the monohydrate structure (data not shown) [51] . The localization of water molecules seen in the present investigation is consistent with the suggestion of Aldous et al. [59] that dihydrate trehalose state works as a sponge for water molecules. Indeed, the air-exposed part of the glassy trehalose may quiet easily transform into the dihydrate crystal form which could further stabilize the sugar matrix. On the contrary, a small amount of absorbed water will readily plasticize the sucrose matrix, since it cannot form any hydrated crystalline phase. Finally, maltose should be intermediate between trehalose and sucrose, since it may exist in a monohydrate crystalline form. Hydration properties of sugars will be analyzed in the following.
Hydration numbers
Since trehalose, maltose and sucrose possess the same number of hydroxyl groups, the average number of water molecules H-bonded per disaccharide, provides a useful parameter to quantify the water-disaccharide interaction. This parameter will be identified as the hydration number n H in the following although it often refers in the literature to the total number of water in the solvation sphere [58] .
Two different geometric criteria commonly used in molecular dynamics studies [29, 30] were defined and called I and II in the following. In the present study, two molecules are considered to be H-bonded if the oxygen-oxygen distance d OO is less than 3.4Å and the O-H· · ·O angle larger than 160 deg. or 120 deg. for the criterion I or II, respectively. The criterion I [30] relates to relatively well-formed and thus strong HBs whereas the less stringent criterion II [29] also includes more deformed, weaker HBs. Owing to the strong dependence of the HB energy on the O-H· · ·O angle, both criteria may probe different populations of HBs and will therefore be used in the present paper. Moreover, we have not considered energetic criteria because of the difficulty to define with any ambiguity water-solute HBs, as pointed out by Brady et al. [28] . Figure 4 shows the hydration number n H of the three studied disaccharides as a function of the disaccharide concentration at T = 273 K and 373 K. We clearly see that n H decreases monotonically by a factor of about 2 for both criteria when the concentration increases from 4 wt % to 66 wt %. For the most dilute solutions, disaccharides are surrounded by several hydration layers and their structure mainly results from their intrinsic interaction with water. At higher concentrations, disaccharides begin to share water molecules and to form sugar-sugar HBs. Table 2 presents the sugar-sugar HBs statistics (criterion II) at T = 293 K. As expected, the normalized mean number of intermolecular sugar-sugar HBs steadily increases with concentration. But most important, significant differences appear among sugars. Indeed, sucrose (maltose) forms the lowest (largest) number of HBs in the concentration range where inter-HBs become meaningful i. e. 33 -66 wt %. Trehalose forms slightly less inter-HBs than maltose does. This has direct consequences in the clustering differences between sugars, as will be shown in section 4.2 of this paper. Table 2 : Normalized mean number of sugar-sugar intermolecular < n HB > inter /N S and intramolecular < n HB > intra /N S HBs for the sugar-water solutions at T = 293 K at different sugar concentrations φ (the brackets <> denote time-averaging over stored configurations and N S designates the number of sugars in the simulation box). From Fig. 4 , trehalose is found to be more hydrated than sucrose and maltose, whatever the concentration and the geometric criterion considered, in good agreement with Ekdawi-Sever et al. [35] . They have obtained similar results when comparing sucrose and trehalose at 353 K and 360 K, respectively, in the 6 -90 wt % concentration range. They particularly suggested that the intramolecular HBs were at the origin of the difference observed between both sugars. Table 2 clearly confirms this hypothesis. It is indeed well-known that maltose and sucrose form intraHBs in their crystalline state on the contrary to trehalose [25, 51, 52] . The crystalline β-maltose forms one intra-HB between O 2 − HO 2 and O ′ 3 . Two intra-HBs, namely O 6f − HO 6f · · · O 5g and O 1f − HO 1f · · · O 2g are present in crystalline sucrose. As a consequence, the disaccharides HB centers (i.e. hydroxyl hydrogen and oxygen atoms) involved in intra-HBs no longer remain available for water-disaccharide HBs. The large number of intra-HBs of sucrose relative to trehalose and maltose for the 4 wt % concentration explains why its hydration number is significantly lower, while those of maltose and trehalose are rather similar. Moreover, a crossover between maltose and sucrose hydration curves is found at temperatures lower than 353 K, as exemplified in Fig. 4 at T = 273 K. This could arise from different concentration dependences of the relative number of intra-HBs and inter-HBs between sucrose and maltose. Indeed, the difference between < n HB > inter /N S of maltose and sucrose steeply raises above 33 wt % disaccharide concentration. Meanwhile, the difference between < n HB > intra /N S of maltose and sucrose changes moderately. Therefore, the overall effect is a more pronounced decrease of maltose hydration numbers compared to sucrose when increasing disaccharide concentration.
Hydration numbers of the 4 wt % disaccharide solutions at T = 293 K are given in Table 3 .
Trehalose clearly binds to a larger number of water molecules and consequently the water structure will be more affected by this sugar than the others as it will be shown in a next section of this paper devoted to water structure. The higher hydration number of trehalose is also seen to be independent on the choice of the model of water as proved by the additional calculations performed using the TIP3P water model (see Table 3 ). A good agreement is particularly obtained between both SPC/E and TIP3P models. n H (I) obtained from the SPC/E water model is slightly higher than with TIP3P. This may be understood as the stronger water-disaccharide HBs formed with SPC/E by means of the larger water partial charges. In addition, hydration numbers calculated in this study may rather be dependent on the potential energy landscape (PEL) of sugars explored within the length of simulations. For computation time reasons, it was not possible to explore each minima of the adiabatic map of sugars. Moreover, only the β-anomeric form of maltose was considered here, whereas an equilibrium between the β-and the α-form of maltose establishes in reality. Several hydration numbers found in the literature from experimental and other numerical studies are also reported in Table 3 for comparison. A fair agreement is obtained with our present results and confirm that trehalose always possess the higher hydration number. Discrepancies can be due to the very different definitions of the hydration number found in the literature and the various approaches and models used to derive hydration numbers from ultrasound, DSC, viscosity, or water activity measurements. Nevertheless, the two geometric criteria employed in this study seem to be well suited to distinguish, within the first hydration shell, strongly H-bonded (I) water molecules from weakly H-bonded (II) water. These two types of HBs could be at the origin of the differences observed experimentally. 3.4 HB probability
The hydrogen bond network of water may be described by the fractions f j of water molecules that form j HBs with their neighboring water molecules [66] . Indeed, water molecules would be involved in four water-water linear HBs (two as proton donor and two as proton acceptor) in perfect ice, because each one is surrounded by four neighbors which form a perfect tetrahedron. In real water, deviations from this ideal view occur and bifurcated HBs as well as non-H-bonded hydroxyl groups exist [67] . Raman scattering studies on the O-H stretching band of water as function of temperature reveal the existence of an isobestic point [68] . From this observation, some authors proposed an arbitrary decomposition of the Raman spectrum of water into two temperature-independent classes of water molecules, denoted as 'open' (or intact bond) and 'close' (or broken bond). The former was assigned to tetrahedrally bonded water molecules, while the latter to the remaining water molecules, including bifurcated HBs, free OH groups, etc. Fig. 5 shows the populations f j of water molecules that form j HBs with their neighboring water molecules for the 66 wt % solutions and for pure water at T = 293 K, using the two criteria previously defined. Distributions using criterion II show a shift to larger numbers of water-water HBs compared to criterion I because it is less stringent. As expected, the maximum of the distribution for pure water is 4 for criterion II. Nevertheless, the distribution is quite broad as a consequence of thermal disorder and may exceed 4 owing to the bifurcated HBs which are likely to occur. Addition of disaccharide molecules to the solutions leads to a significant shift of the maximum of the distribution toward lower values because of the formation of waterdisaccharide HBs. Trehalose appears to increase populations of water molecules with low j (below 2 and 3 with (I) and (II), respectively) and to decrease populations of water molecules with high j (above 2 and 3 with (I) and (II), respectively) more than sucrose and maltose. This result is a direct consequence of the difference observed on the hydration numbers. Therefore, the tetrahedral HBN of water will be more disrupted in presence of trehalose than with sucrose or maltose. This agrees with numerous experimental studies showing a higher destructuring effect of trehalose compared to sucrose and maltose as it has been particularly demonstrated by Magazù et al. [22] from Raman scattering experiments.
By referring to the concept of intact and broken bonds, it is possible to deduce p HB , the probability of forming an intact bond from the previous distributions. Indeed, assuming that the HB formation is not cooperative [69] and the coordination number in liquid water is 4, the fraction f j follows the binomial distribution [66] :
Fig . 6 shows the concentration dependence of p HB of the disaccharide solutions at 293 K obtained from Eq. 2 using the geometric criterion I, which was chosen so that j ranges from 0 to 4 for pure water (f 5 is negligible with criterion I). Attempts to compute p HB with criterion II did not lead to satisfactory fits of Eq. 2 using 5 or 6 as the maximum coordination number and thus are not presented. The observed decrease of p HB mainly arises from the substitution of water-water HBs by water-sugar HBs when increasing disaccharide concentration. As a consequence, the evolution of p HB as function of the concentration is directly controlled by the sugar hydration numbers discussed previously. This is well demonstrated in Fig. 6 b) when water molecules from the first shell were excluded. Indeed, p HB clearly becomes less dependent on the sugar concentration and nearly constant. This figure also shows that the difference between sugars is largely reduced beyond the first-neighbor water layer. When the first hydration shell is excluded, no difference between sugars is observed. This conclusion was already highlighted in our preliminary numerical work [70] from the distributions of the orientation parameter q defined by Debenedetti et al. [71] . As a consequence, it appears that hydration numbers mainly rule the difference observed among sugars, within the investigated concentration range. The higher hydration number of trehalose explains its enhanced ability to disturb the HBN of water, revealed by the lowest p HB for trehalose-water solutions. It should be noted that these results are in fair agreement with those obtained experimentally by Branca et al. [22] . Figure 6: Concentration dependence of the probability of HB formation p HB as deduced from Eq. 2 for the disaccharide solutions at T = 293 K using criterion I : (a) for all water molecules (b) excluding water molecules of the first hydration shell (defined using criterion II).
Water clusters
Finally, we consider water clusters formed in the disaccharide-water solutions. Clusters of class i were defined as ensembles of water molecules H-bonded with each other and forming at least i water-water HBs according to criterion I. Criterion I is more suited to probe local tetrahedral arrangement of water molecules since it characterizes well-formed HBs, on the contrary to criterion II which allows distorted configurations of water molecules. Alternatively, clusters could be defined using an order parameter such as the orientation parameter q suggested by Debenedetti et al. [71] . In this case, a cluster is defined as an ensemble of water molecules which have a q parameter greater than a threshold value q c [72] and are separated by a distance smaller than r c . On one hand, clusters of class 1 encompass both water molecules in a tetrahedral arrangement and in more distorted configurations. Ambient water may then be described as a space-filling percolating HBN, as shown in previous papers [70, 73] . On the other hand, clusters of class 3 or 4 involve only water molecules in nearly tetrahedral configurations. Such clusters are thus relatively small at ambient temperature and may be viewed as precursor nuclei of crystallization of ice. The addition of sugars makes the probability of finding large numbers of such clusters very small. Therefore, we focus our attention on the analysis of the proportion of water molecules included in each class i as a means to clearly distinguish the effects of the three disaccharides. We define < F i > the fraction of water molecules involved in clusters of class i (<> means time-averaging over the simulation length). Fig. 7 shows the fraction of water molecules < F i > of sucrose and maltose for clusters of class 1 and 3 at T = 273 K normalized by < F i > T , the fraction of water molecules forming clusters of class i in presence of trehalose. < F 1 > of trehalose, maltose or sucrose are found identical at all concentrations. This indicates that the total number of water molecules involved in clusters is nearly independent on the studied sugars whatever the considered concentration, at T = 273 K. In other words, the fraction of water molecules not H-bonded with at least one water neighbor is essentially the same in the various disaccharide solutions. However, water molecules reorganize in clusters of different sizes in the trehalose, sucrose and maltose solutions at concentrations above φ A ≈ 40 wt % [70] . Indeed, the mean cluster size < n W > of water clusters at these concentrations is the lowest in trehalose solutions, trehalose breaking clusters into smaller ones more efficiently (see Fig. 1 of [70] ), well in line with its higher hydration number. As shown in Fig.7b , the < F 3 > / < F 3 > T ratios of sucrose and maltose exhibit a significant departure from 1.0 at concentrations above φ A . Most of the water molecules feel the presence of disaccharides above φ A , owing to comparable numbers of water-sugar and water-water HBs. That is the reason why discrepancies among the three disaccharides raise and why trehalose is found to reduce the number of locally tetrahedral water regions -precursors of ice crystallization -more than sucrose and maltose (see also Fig. 6 ). These ice nucleators become small and rare at these high concentrations, at T = 273 K. For example, only 6 to 9 % of water molecules participate in clusters of classes 3 and 4 in the 66 wt % solutions at T = 273 K. This may be understood as the very low probability of finding a water molecule surrounded by four other neighboring water molecules not forming too many HBs with sugars, so that they can adopt positions and orientations compatible with a regular H-bonded water tetrahedron. Moreover, sucrose is found to disturb the tetrahedral water structure more than maltose, as discussed above for hydration numbers. Consequently, hydration numbers of disaccharides play a key role at these concentrations. 
Sugar intramolecular and intermolecular interactions 4.1 Molecular flexibility
The intrinsic size of disaccharides can be roughly estimated from their radius of gyration R g ,
, where i denotes the index number of atoms within a given molecule, m i and r i the related mass and distance from the center of mass of the molecule. Fig. 8 show the disaccharide radius of gyration rescaled distributions P (R g − < R g >)/P (R g ) max for the 4 wt % solutions at T = 293 K. Fluctuations of R g for trehalose molecules are clearly seen broader and more asymmetric than for maltose or sucrose. This higher asymmetry may reflect the greater anharmonicity of the region of the PEL explored by trehalose and is consistent with the larger amplitude of ring motions. Indeed, the number of intramolecular HBs in trehalose is fewer compared to maltose and sucrose. These HBs restrict movements of disaccharides rings and of hydroxyl groups involved in HBs, thus confining sucrose and, to a lower extent, maltose into more harmonic regions of the PEL i. e. closer to the local minimum. Consequently, trehalose seems to be more flexible than maltose and sucrose, in the 4 wt % solution at T = 293 K. Most of this flexibility arises from small variations of the torsional angles about the glycosidic linkage bonds, since rings are relatively rigid and stabilized by high energy barriers [29] . It should also be mentioned that the radius of gyration R g corresponding to the maxima of the P (R g ) distributions are equal to 3.40Å , 3.45Å and 3.13Å for trehalose, maltose and sucrose, respectively. The lower radius of sucrose comes from its more spherical structure compared to maltose and trehalose. Moreover, it contains a glucose ring and a smaller fructose ring, whereas maltose and trehalose possess two glucose rings. The lower R g of trehalose stems from the higher degree of symmetry of glucose rings relative to the glycosidic bond. Indeed, glucose rings are linked through C 1 − O 1 and O 1 − C ′ 1 bonds for trehalose, and C 1 − O 1 and O 1 − C ′ 4 bonds for maltose (see Fig. 1 ).
In Fig. 9 , fluctuations of the glycosidic dihedral angles and the gyration radius R g are compared for trehalose. It should be noted that fluctuations are larger for trehalose than for maltose and sucrose, in good agreement with the R g distributions discussed previously. (∆Φ, ∆Ψ) within the main minimum is (13 • ,12 • ), (9 • ,10 • ), (11 • ,7 • ) and (11 • ,13 • ), (9 • ,9 • ), (9 • ,10 • ) for the trehalose, maltose and sucrose 4 and 49 wt % solutions, respectively -Φ and Ψ are defined as the dihedral angles between atoms and maltose at T = 293 K for (a) the 4 wt % solutions and (b) the 49 wt % solutions. < R g > denotes the time-averaged radius of gyration and P (R g ) max stands for the maximum of probability of the distribution P (R g ).
halose,
for sucrose (see Fig. 1 ). This is indicative of a greater conformational flexibility and suggests that the free energy minimum that trehalose explores during our simulations is broader than that of maltose and sucrose. This is also in agreement with the number of intra-HBs, which is the lowest for trehalose and the highest for sucrose. Within a given well, intra-HBs prevent large motions of rings. This is illustrated over the 400 ps simulation of a 4 wt % trehalose solution at T = 293 K in Fig. 9 . During the first 260 ps of the simulation, no HB forms between the rings of trehalose (see Fig. 9a ). Meanwhile, the glycosidic dihedral angles Φ and Ψ and the radius of gyration R g fluctuate around rather stable values : Φ = −50 ± 13 • , Ψ = −51 ± 12 • , R g = 3.42 ± 0.04Å (see Fig. 9b, c, d, respectively) . After 260 ps, the dihedral angle Φ shows a transition to Φ = -14 ± 16 • while for Ψ the transition is less pronounced until t = 350 ps (Ψ = -22 ± 22 • ). This transition is connected with the formation of an intramolecular HB between O 2 and O ′ 6 oxygen atoms. This intra-HB was observed by Conrad et al. at high concentrations (50 wt % or more) at 358 K [34] . As a direct consequence of this conformational transition, the radius of gyration R g of trehalose is reduced -R g = 3.37 ± 0.05Å -suggesting a more compact conformation, rings becoming closer to each other. We also expect smaller fluctuations of R g . However, the short time during which this new conformation is observed does not allow us to confirm.
Besides, the intrinsic enhanced flexibility of trehalose is not contradictory with its lower mean-square fluctuations < u 2 > compared to sucrose, as experimentally observed [57] . Indeed, the motion of hydrogen atoms both depend on the global molecular translation and rotation and on the internal vibrations. Therefore, trehalose may show a greater flexibility (probed e.g. by the radius of gyration fluctuations) and a smaller < u 2 > compared to sucrose. This point will be described in more details in a next paper devoted to the dynamical features of sugar-water solutions [74] . Fig. 9 underlines the close relation between intramolecular HBs and molecular conformational fluctuations. In particular, it may confirm the hypothesis of Oku et al. [17] who investigated the mechanism of the antioxidant function of trehalose by means of NMR and quantum chemistry. They proposed that trehalose interacts specifically with one cis double bond of an unsaturated fatty acid via the O 6 − H ′ 6 and either O 2 − H 2 or O 3 − H 3 hydroxyl groups of trehalose. The Fig. 1 ), and (d) radius of gyration R g .
complex formed was also stabilized by O-H· · ·π and C=H· · ·O types of HBs. The greater conformational flexibility we observe for trehalose in the present study might favor these kinds of interactions compared to sucrose and maltose. Indeed, it may allow the hydroxyl groups mentioned above to adopt the required conformation, while trehalose remains in the gauche conformation before and after complexation i. e. in the same energy well. Furthermore, the occurrence of an inter-ring HB between O 2 and O ′ 6 oxygen atoms of trehalose observed in the 4 wt % solution may indicate that the stable conformation of trehalose is favorable to form such a complex. On the contrary, the more frequent inter-ring HBs found in maltose and sucrose as well as their intrinsic topology might prevent such interactions. Accordingly, the enhanced conformational flexibility of trehalose may favor HBs with polar groups of membranes or proteins as proposed by Crowe et al. [75] and referred to the water replacement hypothesis.
Sugar clusters
As the sugar content increases in the studied solutions, sugar-sugar interactions become more and more likely (see Table 2 ). At a given concentration threshold, sugar clusters may even percolate, forming a continuous space-filling network. The percolation of the sugar HBN may explain the decoupling of water and sugar diffusions. Indeed, it has been observed experimentally that sucrose and water diffusions decouple at water contents below ≈ 50 wt % [76] . Moreover, Goddard et al. [38] have suggested from simulations that the formation of sucrose network in highly concentrated solutions may increase both the resistance to shear deformation and the mechanical stability of the mixture.
The formation of a sugar network should be favored by a low number of intra-HBs, since this kind of HBs involves OH groups that are not available for inter-HBs. Moreover, the number of sugar-sugar inter-HBs should reveal clustering tendencies. The largest number of intermolecular sugar-sugar HBs found for maltose (see statistics given in Table 2 ) may imply that the molecules of this sugar tend to organize themselves into larger clusters than for sucrose or trehalose. In order to describe the sugar cluster formation suggested by these HB data, we define a cluster as a set of sugar molecules connected to each other by at least one HB according to criterion II. This geometric criterion was preferred to criterion I in order to avoid scarce clusters and consequently very poor statistics. The mean sugar cluster size < n S > was computed as < n S >= n S .W S , where n S is the number of sugars composing a given cluster and W S is the probability of the clusters of size n S . Isolated sugar molecules are considered as clusters of size one. Since sugar dynamics are much slower than water dynamics [37] and their number is relatively small in our simulation boxes (between 1 and 52), the statistics of cluster formation is rather poor for a given simulation. Therefore, since no significant differences of < n S > as function of the temperature were observed, we have averaged < n S > over the (293 K-373 K) temperature range at a given concentration (the results at T = 273 K have not been used because of the lack of sugar diffusion at high concentrations). Four aberrant values over 60 were discarded (2 for sucrose and 1 for maltose and trehalose, among the 4 concentrations and 5 temperatures considered for these calculations). Consequently, < n S > provide a rough trend of the sugar cluster formation as a function of concentration. Fig. 10a shows the evolution of the ratio < n S > /N S , where N S is the total number of sugars in the simulation boxes, for the three disaccharide solutions as a function of concentration. At low concentrations (16 and 33 wt %) small clusters may appear in the solutions, < n S >/N S remaining roughly constant around 0.2 -0.3. Therefore, the mean size of cluster < n S > is rather proportional to the total number of sugars N S . This behavior changes radically at higher disaccharide concentrations, where sugar clusters grow more than linearly with N S and < n S >/N S increases to one for the solutions at 66 wt %, which can be considered as the treshold concentration of percolation, φ p . Accordingly, the percolation of the sugar HBN has been achieved at this concentration i. e. most of sugars of the simulation box belong to the same large cluster. Notwithstanding the quite large error bars, differences below φ p between maltose or trehalose on the one hand and sucrose on the other hand emerge. Indeed, sucrose is found to form clusters of smaller sizes than trehalose and maltose. This is probably related to the higher number of intra-HBs of sucrose molecules compared to maltose or trehalose, since hydroxyl groups involved in these intramolecular interactions do not remain available for other intermolecular interactions (with water or sugar molecules). As a consequence, a higher sucrose concentration is needed to reach a given cluster size compared to maltose or trehalose. Furthermore, < n S > of maltose and trehalose are found relatively close to each other, consistent with their very similar topology. Nevertheless, maltose molecules have a propensity to form a larger number of HBs with each other than trehalose molecules. This is illustrated in Fig. 10b , which presents the normalized averaged number of intermolecular sugar-sugar HBs < n HB > inter /N S (see also Table 2 ). At low concentrations, this number is limited by the quite low probability of forming inter-sugar HBs, which prevents multiple HBs between two given sugars. It increases with sugar concentration, but is restricted at high concentrations by the maximum number of inter-HBs that sugars may form owing to sterical hindrance. The averaged number of intermolecular sugar-sugar HBs is found larger in the maltose clusters than in the trehalose ones. Thus, maltose favors more sugar-sugar HBs than trehalose and sucrose. This explains in part the lower hydration number of maltose relative to trehalose at high concentrations since sugar-sugar HBs reduce the possibility that the water molecules have to bind to sugars.
This peculiar interplay between the capability of a sugar to hydrogen-bond to other sugars or to water seems critical for the homogeneity of the system and could probably play a significant role in the preservation of biomolecules. Indeed, it suggests that below the percolation concentration φ p trehalose may form more homogeneous matrices with water with respect to sucrose or maltose. Trehalose would be able to form large clusters with itself while maintaining higher hydration numbers than sucrose or maltose. Moreover, since trehalose forms HBs with a larger number of water molecules than sucrose and maltose do, less bulk water molecules (marked by a star in Fig. 11 ) would exist in the trehalose solutions. Therefore, both the ice formation probability and the dehydration stresses arising from the water escape would be reduced. However, this new insight suggests experiments to probe the influence of the sugar-water matrix nanostructure on the dehydration kinetics. Fig. 11 outlines schematic 2D-views of concentrated trehalose and sucrose aqueous solutions to illustrate this hypothesis. These representations are based on the interpretation of the statistical calculations shown in Fig. 10 and therefore are difficult to observe for an instantaneous configuration of our simulations trajectories. It should also be reminded that sugar clusters reorganize continuously until percolation has been achieved.
Summary and conclusion
Structural properties of trehalose, maltose and sucrose disaccharides in water have been investigated by MD computer simulations.
Crystallinity of sugar/water solutions have been studied from calculations of partial static structure factor found in good agreement with neutron diffraction experiments and 2D-radial distribution functions. A significant increase of the localization of water molecules at the hydration sites of the trehalose dihydrate crystal is observed. It strongly supports the more crystalline character of trehalose solution suggested in [57] . Hydration numbers have been accurately determined for two different models of water (SPC/E and TIP3P -for the 4 wt % solutions) and different geometrical criteria aiming to distinguish both well-formed and less-formed water HBs. We have clearly shown that trehalose binds to a larger number of water molecules than do maltose and sucrose, for all studied concentrations. Our data have also been successfully confronted to experimental and other MD simulation results of hydration numbers. The structure of the Figure 10: Concentration dependence of (a) the normalized mean sugar cluster size < n S >/N S and (b) of the normalized mean number of sugar-sugar HBs < n HB > inter /N S of the disaccharide solutions, averaged over the (293 K-373 K) temperature range to improve statistics (Table 2 gives < n HB > inter /N S at T = 293 K). Error bars are calculated from the standard deviations. < n S >/N S and < n HB > inter /N S cannot be calculated for our most diluted solutions (4 wt %), because there is only one sugar in the simulation box.
water HBN in presence of sugars has been studied using the concept of broken HBs proposed by Teixeira and Stanley [66] . Our results prove that the presence of disaccharide molecules in the investigated solutions leads to a significant decrease of water populations with high coordination numbers and to a smaller probability p HB of forming an intact bond, this effect being more salient in trehalose solutions. However, the evolution of p HB as function of the concentration was also found to be directly controlled by the sugar hydration numbers. The discrepancy between the different sugars is largely reduced beyond the first hydration shell. Statistics of clusters size made of hydrogen-bonded waters have been investigated and reveal that above a concentration φ A ≃ 40 wt %, trehalose is able to reduce the water cluster size more efficiently than sucrose and maltose. This confirms the superior capability of trehalose to disturb the HBN of water and is consistent with the destructuring effect model suggested by Magazù et al. [22] . From the fluctuations of the radius of gyration and of the glycosidic angles at high dilution, we have also shown that trehalose exhibits a higher flexibility with respect to maltose and sucrose, consistent with its lower number of intramolecular HBs and thus with its higher hydration number. This enhanced flexibility would confirm the hypothesis of Oku et al. [17] suggesting that trehalose is able to form HBs with non-polar residues of proteins. Sugar-sugar interactions have been analyzed in terms of sugar clusters. Sugar molecules form a percolating HBN in the 66 wt % solutions. At intermediate concentrations, the averaged size of clusters < n S > of trehalose and maltose is larger than < n S > of sucrose owing to fewer intra-HBs. Moreover, trehalose favors to a lower extent inter-sugar HBs compared to maltose, thus preserving more efficiently HBs with water molecules. The trehalose/water solution is found more homogeneous than the others. This particular property should play a major role in the biopreservation efficiency of water-trehalose mixtures against desiccation stresses and ice formation.
To conclude, the results reported here show that maltose/water systems are less homogeneous owing the tendency of maltose molecules to form clusters and thus reducing their possibility to destructure the water HB network. For sucrose/water solutions, the higher probability of sucrose molecules to form intra-molecular HBs strongly reduces their interaction with both water or other sugar molecules. Unlikely to maltose or sucrose, trehalose molecules possess similar capabilities to interact with both sugar and water molecules which make trehalose/water a more homogeneous system. This homogeneity of the disaccharide/water matrices due to the Figure 11 : Schematic 2D-representation of a microscopic region of trehalose (top) and sucrose (bottom) solutions in the intermediate concentration range (33 wt % -66 wt %) i. e. below the percolation treshold φ p . The differences between these two cartoons are purposefully magnified in order to clearly distinguish the structural features of trehalose and sucrose solutions. Grey parts represent water molecules (whether they are H-bonded to sugars or not), while black parts stand for the sugar molecules. Stars designate sites where bulk water -not in the first hydration shell of sugars -may exist. Trehalose molecules form quite large and interconnected clusters, whereas sucrose arranges itself into smaller, isolated clusters. This makes trehalose molecules less mobile than sucrose ones. Moreover, owing to the larger number of water-trehalose HBs, water molecules diffuse less in trehalose-water mixtures, and sites where water may crystallize (bulk-like) are more scarce than in sucrose solutions. This makes water-trehalose mixtures more homogeneous, from a structural point of view at least. reciprocal interactions between sugar and water molecules may rule their biopreservative efficiency. It may also be of utmost importance in the interactions between sugars and biomolecules. Lysozyme/disaccharides/water simulations are currently led to shed more light on disaccharideprotein interactions. Results obtained in the present paper also call for new investigations to clarify the influence of the solution structural homogeneity on their dynamical properties [74] .
